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2Abstract
Gas-phase autoxidation – the sequential regeneration of peroxy radicals (RO2) via intramolecular hydrogen shifts (H-shifts) followed by oxygen addition 
– leads to the formation of organic hydroperoxides. The atmospheric fate of these peroxides remains unclear, including the potential for further H-
shift chemistry. Here, we report H-shift rate coefficients for a system of RO2 with hydroperoxide functionality produced in the OH-initiated oxidation 
of 2-hydroperoxy-2-methylpentane. The initial RO2 formed in this chemistry are unable to undergo α-OOH H-shift (HOOC-H) reactions. However, 
these RO2 rapidly isomerize (> 100 s-1 at 296 K) by H-shift of the hydroperoxy hydrogen (ROO-H) to produce a hydroperoxy-substituted RO2 with an 
accessible α-OOH hydrogen. First order rate coefficients for the 1,5 H-shift of the α-OOH hydrogen are measured to be ~0.04 s-1 (296 K) and ~0.1 s-1 
(318 K), within 50% of the rate coefficients calculated using multiconformer transition state theory. Reaction of the RO2 with NO produces alkoxy 
radicals which also undergo rapid isomerization via 1,6 and 1,5 H-shift of the hydroperoxy hydrogen (ROO-H) to produce RO2 with alcohol functionality. 
One of these hydroxy-substituted RO2 exhibits a 1,5 α-OH (HOC-H) H-shift, measured to be ~0.2 s-1 (296 K) and ~0.6 s-1 (318 K), again in agreement 
with the calculated rates. Thus, the rapid shift of hydroperoxy hydrogens in alkoxy and peroxy radicals enables intramolecular reactions that would 
otherwise be inaccessible.
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3Introduction
In the atmosphere, organic peroxy radicals (RO2) are formed following the reaction of OH, NO3, or O3 with hydrocarbons.1 These RO2 undergo 
bimolecular reaction with NO, HO2, and other RO2.2 In addition, unimolecular reactions of RO2 have recently been shown to be important in the 
atmospheric chemistry of a growing number of hydrocarbons.3-14 These reactions form the basis of gas-phase autoxidation, which involves the 
regenerative formation of RO2 via intramolecular RO2 H-shifts followed by O2 addition. These reactions proceed through hydroperoxy alkyl radical 
intermediates, often denoted QOOH.15 Such chemistry has long been known to be relevant in combustion.16-17 
Atmospheric autoxidation has been implicated in the rapid oxygenation of hydrocarbons, contributing to new particle formation and growth.18-31 
Autoxidation was recently shown to play a role in the oxidation of alkanes emitted in urban areas.32  Hydroxy-substituted RO2 are produced in this 
chemistry and exhibit sufficiently low energetic barriers for H-shift reactions that compete with bimolecular reactions in the atmosphere.33 Indeed, 
some of these H-shift rates are sufficiently fast (~0.1 s-1) that multifunctional organic hydroperoxides can be produced via this mechanism even under 
modestly polluted conditions. The fate of these hydroperoxides in urban air, however, remains largely unexplored. It is possible that these 
hydroperoxides partition to the aerosol phase or photolyze due to enhanced absorption cross sections.34-35 In the gas phase, organic hydroperoxides 
will undergo further reaction with OH to produce hydroperoxy-substituted RO2. Intramolecular H-shifts in these radicals have been the subject of 
previous studies, but only at elevated temperature.36-43
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Scheme 1. Peroxy radicals (RO2) formed following OH-initiated oxidation of 2-hydroperoxy-2-
methylpentane. Abstraction of the hydroperoxide hydrogen is a major channel (a). Abstraction of 
secondary alkyl hydrogens, (b)-(c), dominates over that of primary alkyl hydrogens, (d)-(e). 
In this study, we oxidize 2-hydroperoxy-2-methylpentane with OH under conditions relevant to the atmosphere. As shown in Scheme 1, the RO2 
formed following hydrogen abstraction and O2 addition lack an abstractable α-OOH hydrogen due to the presence of the methyl substituent. However, 
due to rapid and reversible H-shifts between the ROO-H and the RO2 radical centers, an RO2 with an accessible α-OOH hydrogen is produced. The 
dominant channels (b) and (c) are illustrated in Scheme 2. In the presence of NO, these RO2 form distinct hydroperoxynitrates (HPN) that are 
quantified in this work (shown in boxes).
In addition to HPN, reaction of the RO2 with NO produces alkoxy radicals (Scheme 3). These alkoxy radicals undergo a very rapid H-shift with 
hydroperoxy hydrogens to produce hydroxy-substituted RO2. One of these hydroxy-substituted RO2 possesses an accessible 1,5 α-OH H-shift. Due 
to the ability to unlock alkyl H-shifts that would otherwise be inaccessible (or very slow), the rapid isomerization of hydroperoxy-substituted alkoxy 
and peroxy radicals represents a critical process in the oxidation mechanism of the substrate used here as well as many other compounds found in 
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5the urban atmosphere. This rapid isomerization between ROOH and RO2, first described in a computational study by Jørgensen and coworkers,44-45 
is similar to the interconversion of alcohols and alkoxy radicals reported in computational studies by Dibble.46-47  
OOH
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Scheme 2. RO2 formed following pathways (b) and (c) in Scheme 1 undergo rapid H-shifts of the hydroperoxy hydrogen producing two pairs of RO2 
(denoted here as 2,3 and 2,4 RO2). In the presence of NO, these RO2 form distinct hydroperoxynitrates (HPN) that are quantified in this work 
(shown in boxes). For the 4-hydroperoxy-2-methyl-2-peroxy isomer of the 2,4 RO2, a unimolecular 1,5 α-OOH H-shift competes with the bimolecular 
reaction with NO. The forward rate coefficients shown are those measured at 296 K. The reverse rate coefficients for the 2,3 and 2,4 RO2 are similar 
given the measured distribution of the products of the two sets of isomers.
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Scheme 3. Pathways following reaction of RO2 with NO. In addition to the organonitrate pathway shown in Scheme 2, the reaction of RO2 with NO 
produces alkoxy radicals. These alkoxy radicals rapidly isomerize to produce hydroxy RO2 which react with NO to produce hydroxy nitrates (HN - 
boxes) and other products. The 4-hydroxy-2-methyl-2-peroxy RO2 can also undergo a 1,5 α-OH H-shift. β-scission is only expected to be competitive 
for the 2,3 alkoxy radicals and thus this pathway is omitted in the scheme for the remaining alkoxy radicals.
Methods
Theory. Multiconformer Transition State Theory (MC-TST) is used to calculate the rate coefficients in this work.48-51 MC-TST is well-suited to 
characterize intramolecular RO2 chemistry due to the large number of reactant conformers typically encountered. We follow the MC-TST approach of 
Møller et al.,51 which has been shown to provide good agreement with the few available measured H-shift rate coefficients.32 The MC-TST expression 
for the rate coefficient is:
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7𝑘𝑀𝐶 ― 𝑇𝑆𝑇 = 𝜅𝑘𝐵𝑇ℎ ∑
𝑎𝑙𝑙 𝑇𝑆 𝑐𝑜𝑛𝑓.
𝑖 exp ( ― 𝛥𝐸𝑖𝑘𝐵𝑇)𝑄𝑇𝑆,𝑖
∑𝑎𝑙𝑙 𝑅 𝑐𝑜𝑛𝑓.
𝑗 exp ( ― 𝛥𝐸𝑗𝑘𝐵𝑇)𝑄𝑅,𝑗 exp ( ― 𝐸𝑇𝑆,0 ― 𝐸𝑅,0𝑘𝐵𝑇 )
where h is Planck’s constant, kB is Boltzmann’s constant, and T is the temperature. ΔEi is the zero-point corrected energy difference between TS 
conformer i and the lowest energy TS conformer, QTS,i is the partition function of TS conformer i, and ETS,0 is the zero-point corrected energy of the 
lowest energy TS conformer. The symbols are analogously defined for the reactant conformers.  is the Eckart tunneling correction factor (see SI for 𝜅
further details).52
Conformers are located with a systematic MMFF53-58 conformer search in Spartan’14,59 with the radical atom forced to have no charge.51 Conformers 
are then optimized with B3LYP/6-31+G(d) in Gaussian 09.60-65 We calculate the vibrational frequencies of the conformers to verify that a minimum or 
first-order saddle point was found as desired. Duplicate conformers are removed by a custom bash-wrapped python script, by comparing dipole 
moments and energies.66 Zero-point energy corrected conformers within 2 kcal/mol of the lowest energy conformer are re-optimized with ωB97X-
D/aug-cc-pVTZ  (ωB97) and their frequencies are calculated.67-68 The energies and partition functions at this level are used for the ΔEs and Qs in 
the MC-TST expression. For the lowest energy conformer of reactant and TS, we calculate a ROHF-ROCCSD(T)-F12a/VDZ-F12//ωB97X-D/aug-cc-
pVTZ69-73 (F12) single-point energy with MOLPRO 201274 to use with the ωB97 zero-point correction for accurate values of ETS,0 and ER,0. For the 
rapid alkoxy (RO) and peroxy (RO2) ROO-H H-shift reactions, the reaction barriers were calculated at the ωB97 level due to convergence problems 
with the F12 energies in the TS of these reactions. This causes an increase in the uncertainty of the barrier (and, to a minor extent, tunneling) of 
these calculated H-shifts and the rate coefficients are accurate to about a factor of 100. The ratios of the equilibrated RO2 isomers are independent 
of the TS and are obtained at the F12 level. The calculation output files used in this work are available at https://sid.erda.dk/wsgi-
bin/ls.py?share_id=fgP2YXJCPg. 
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8Experiment. Using a method analogous to that of our earlier study of hexane oxidation,32 we use isomer-specific measurements of multifunctional 
organonitrates (RONO2) to study the rate coefficients of unimolecular chemistry. RO2 undergoing unimolecular chemistry will have smaller yields of 
HPN at longer bimolecular lifetimes. For the hydroperoxy-substituted RO2, the equilibrated isomer will also have smaller yields of HPN. By quantifying 
the yields of the HPN as a function of the bimolecular lifetime, we determine the rate coefficients of the H-shift chemistry.
Materials and hydroperoxide synthesis. 2-methyl-2-pentene (98%, Fluka), isopropanol (≥99%, Macron), and nitric oxide (1993 ± 20 ppmv NO in 
N2, Matheson) are used as purchased. CH3ONO is synthesized in a manner similar to that described by Taylor et al.75
2-hydroperoxy-2-methylpentane is synthesized by addition of 2-methyl-2-pentanol (2.5 g, 24.5 mmol) 
as a solution in ether (8 mL) to a mixture of 30% aqueous hydrogen peroxide (30 mL) and 10 M H2SO4 
(3 mL), and the mixture is stirred for 18 h. The reaction is quenched with saturated K2CO3 (10 mL), and 
the layers are separated. The organic layer is washed with brine (8 mL), dried (Na2SO4), and concentrated 
under reduced pressure. The crude reaction mixture, purified via flash column chromatography, elutes 
with CH2Cl2/Et2O (25:1) on SiO2 (50 mL) to provide 2.14 g (74%) of 2-hydroperoxy-2-methylpentane 
as a colorless liquid. Refer to the SI for the characterization of this compound.
Chamber Studies. 2-hydroperoxy-2-methylpentane is added to a ~1 m3 Teflon chamber via evaporation of an aqueous solution prepared by mixing 
the neat peroxide with water (1:1 by volume). A small quantity (<4 μL) of this solution is placed in a 3-way vial and zero air transfers the headspace 
to the chamber. CH3ONO is introduced to the chamber via a 500 mL glass bulb. FTIR (Nicolet 560 Magna IR) is used to quantify the contents of the 
bulb prior to addition using published absorption cross sections.76 Nitric oxide is introduced in some experiments and is quantified using a Teledyne 
200EU NOx analyzer.
Sylvania blacklights (λmax ~350 nm) illuminate the chamber for between 10 min and 16 hours following the collection of background chromatograms. 
Photolysis of CH3ONO in air produces NO, HO2, and OH:CH3ONO + ℎ𝑣 +  O2→HO2 + NO + HCHO
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9HO2 + NO→OH + NO2
Experiments are conducted with different [NO] and [HO2], yielding a range of RO2 bimolecular lifetimes ( ):τbimolecular
 =   (Eq. 1)τbimolecular =  1𝑘RO2 + NO[NO] + 𝑘RO2 + HO2[HO2] 1𝑘bimolecular 
By using a low abundance of the organic peroxide (~20-80 ppbv), the impact of RO2 + RO2 chemistry is minimized. Determination of  τbimolecular
is described in the SI. The ratio  is assumed to be the same for RO2 isomers.
𝑘RO2 + NO
𝑘RO2 + HO2
Following oxidation of a small amount (5-20%) of the 2-hydroperoxy-2-methylpentane, the lights are turned off and isomer specific measurement 
of RONO2 is performed using a gas chromatograph chemical ionization mass spectrometer (GC-CIMS),77 following the method described previously 
in Praske et al.32 Briefly, the output of a GC equipped with an 11.5 m Restek RTX-200 column is coupled to the CIMS, using CF3O- (m/z 85) as the 
reagent ion.78-82 Following cryofocusing of the analytes on the head of the column, a temperature program is initiated. See the SI for further details.
Chromatographic assignment of RONO2. Four major HPN isomers are resolved following oxidation of 2-hydroperoxy-2-methylpentane by OH in the 
presence of NO (Figure 1A). As discussed below and shown in Scheme 2, these are produced from two pairs of interconverting hydroperoxy peroxy 
radicals with the functional groups either β (2,3) or γ (2,4). The two 2,3 HPN are assigned using the NO3-initiated oxidation of 2-methyl-2-pentene 
(see Scheme 4A). This chemistry produces nitrooxy peroxy radicals that react with HO2 produced via reaction of NO3 with HCHO, as described by 
Schwantes et al.83 NO3 preferentially adds to the secondary carbon of the olefin.83 As shown in Figure 1B, we observe the formation of two HPN in a 
ratio of ~10:1 and thus assign the first peak (largest) to the secondary nitrate. The remaining two peaks in Figure 1A are assigned to the 2,4 HPN 
isomers. This is consistent with previous observations that the retention time of analytes with the same functionality generally increases with 
increasing separation of the functional groups.32, 84
To assign the hydroxy-substituted nitrates (HN) produced in the oxidation of 2-hydroperoxy-2-methylpentane (Figure 1C), we use measurements 
of the products of the OH-initiated oxidation of 4-methyl-2-pentanol (see Scheme 4B and Figure 1D). The tertiary HN is the major HN produced from 
this chemistry and allows assignment of the HN eluting at this time as the 4-hydroxy-2-methyl-2-nitrooxy isomer. The remaining isomers are assigned 
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based on elution order. We assume, as shown in the oxidation of 2-methyl-2-pentene, that secondary nitrates elute first. Thus, the preceding peak in 
Figure 1C is inferred to correspond to the 2-hydroxy-2-methyl-4-nitrooxy isomer while the later eluting isomer is assigned to the 2-hydroxy-2-methyl-5-
nitrooxy isomer. Finally, we assume that the first two smaller peaks correspond to the 2,3 HN. As discussed below, we interpret their much 
smaller abundance (compared with that of the 2,3 HPN) as reflecting competition between β-scission and the ROO-H shift to the alkoxy radical 
(Scheme 3).  Further evidence for the assignments in both the hydroperoxides (and alcohols) is shown in the SI (Figure S7) where, at very high NO 
concentrations, we are able to capture the distribution of 2,3 HPN and HN before the 2,3 RO2 are fully equilibrated, and thereby assign the tertiary 
hydroperoxide (and secondary alcohol). 
OOH
ONO2
ONO2
OOH
ONO2
OOH
OH
ONO2
OH
ONO2
OH ONO2OOH
ONO2
OH
ONO2
OOH
ONO2
ONO2
OOH
OH
ONO2
ONO2
OH
OH
ONO2
OH
ONO2
OH
ONO2
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11
Figure 1. The RONO2 are separated and identified by GC-CIMS. Chromatographic assignment of the HPN (clustered with CF3O- at m/z 264): A) OH-
initiated oxidation of 2-hydroperoxy-2-methylpentane B) NO3-initiated oxidation of 2-methyl-2-pentene (see Scheme 4A) produced the 2,3 HPN isomers. 
Chromatographic assignment of the HN (m/z 248): C) OH-initiated oxidation of 2-hydroperoxy-2-methylpentane. Note the relatively lower abundance 
of the 2,3 HN as compared to the 2,3 HPN in panel A. As discussed in the text, we attribute this to the fast decomposition of the 2,3 alkoxy radicals, 
which outruns the 1,5 alkoxy H-shift of the hydroperoxide hydrogen (see Scheme 3).  D) OH-initiated oxidation of 4-methyl-2-pentanol (see Scheme 
4B) primarily produced the tertiary HN. In each of the chromatograms, the signal has been normalized to the intensity of the tallest peak.
1) NO3 2) O2
OOH
ONO2
ONO2
OOH
OO
ONO2
ONO2
OO
HO2 HO2
OH
OHOO
1) OH 2) O2
OH
ONO2
NO
A) B)
major minor
Scheme 4. Chromatographic assignment is based on the oxidation of commercially available precursors. A) The NO3-initiated oxidation of 2-methyl-
2-pentene produced the 2,3 HPN from 2-hydroperoxy-2-methylpentane. B) The OH-initiated oxidation of 4-methyl-2-pentanol produces the HN isomer 
shown in the orange box in Scheme 3.
Results and Discussion
   Constraining the ROO-H RO2 H-shift. As shown in the SI and Figure S6, only at very high [NO] are any changes in the ratio within the 2,3 HPN 
observed. From data obtained at [NO] > 1 ppmv, we infer that the forward and reverse rate coefficients for the H-shifts between the 2,3 hydroperoxy 
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RO2 are about 102 s-1 at 296 K and even faster (>104 s-1, 296 K) for the 2,4 hydroperoxy RO2. These are in agreement with the calculated rate coefficients 
of ~103 s-1 and ~106 s-1 for the 2,3 and 2,4 RO2, respectively. The rapid RO2 isomerization of hydroperoxy hydrogens was suggested in the computational 
study of Jørgensen et al.44 but, to the best of our knowledge, this is the first experimentally-derived estimate of these rate coefficients. These rapid 
isomerization reactions are critical to our study as they enable the two alkyl H-shifts (shown in Schemes 2 and 3) that are inaccessible in the initially 
produced RO2 (see Scheme 1).
RO2 equilibrium. For [NO] < 100 ppb, we find that the ratios of the two HPN in the 2,3 and 2,4 RO2 systems are invariant. The ratios of the HPN for 
the equilibrated 2,3 and 2,4 RO2 systems are listed in Table 1. Because we do not know if both the branching ratio to form HPN and kRO2+NO are the 
same for the two isomers in each system, the ratio of the HPN signals (Table 1) may not be the same as the ratio of the concentrations of the peroxy 
radicals that produced them. Using the recommended branching ratio parametrization described in Wennberg et al.,85 for example, the fraction of 
tertiary peroxy radicals is 25% smaller than estimated from the ratio of the HPNs. Table 1 also includes the equilibrium constants for the RO2 
calculated from the relative energies of the two RO2 isomers. A 1 kcal/mol error in the difference in the free energies of the RO2 (the expected 
accuracy of the F12 calculations) would correspond to a factor of ~5 in this ratio (at 296 K) suggesting that the calculations are consistent with the 
observed product distribution to within error.
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Table 1. Comparison of calculated ratio of the equilibrated RO2 isomers and the measured ratio of their products.
Ratio Temperature (K) RO2 a
(X=OO; Y=OOH)
HPN b
(X=ONO2; Y=OOH)
HN c
(X=OH; Y=ONO2)
296 0.59 0.31 ± 0.02 -X
Y Y
X
318 0.71 0.34 ± 0.04 -
296 3.1 0.75 ± 0.06 1.3 ± 0.1
Y
X
X
Y
318 3.3 0.77 ± 0.06 1.4 ± 0.1
a The ratio calculated from the F12 energies of the RO2.
b The ratio of the measured hydroperoxy nitrates (Scheme 2).
c The ratio of the measured hydroxy nitrates (Scheme 3).
Constraining the ROO-H to alkoxy H-shift. Recall from Scheme 2 that, in addition to HPN formation, alkoxy radicals are produced in the RO2 + 
NO reaction. These alkoxy radicals undergo rapid H-shifts from the hydroperoxide to the alkoxy radicals, producing hydroxy-substituted RO2 as shown 
in Scheme 3. Note that the reverse of this reaction (RO2 abstraction of the hydroxy H) is too slow to compete over the range of lifetimes probed in 
our experiments.86 The alkoxy H-shifts, however, are so fast that we are unable to provide a direct experimental constraint. We considered the 
possibility that chemical activation may play a role, but the rate coefficients derived from our calculations with the thermalized alkoxy radicals are 
consistent with experimental observations.
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Reaction of the hydroxy-substituted RO2 with NO yields the HN detected by the GC-CIMS. As shown in Figure 1C, we even observe the 2,3 HN, 
suggesting that these alkoxy H-shifts are at least partially competitive with β-scission. Using a structure-activity relationship, the energetic barrier 
for the 2,3 alkoxy β-scission is estimated to be small (< 3 kcal/mol) corresponding to kβ-scission ~ 1011 s-1.87 For the 2,3 alkoxy radicals at 296 K, the 
fastest alkyl H-shift is orders of magnitude slower (  ~105 s-1) and thus does not compete with either β-scission or the rapid 𝑘alkyl ― H ― shift
ROO-H 1,5 H-shift.88
For the 2,4 alkoxy radicals at 296 K, kβ-scission and  are each estimated to be <104 s-1 and <106 s-1, respectively.87-88 Thus, the 𝑘alkyl ― H ― shift
ROO-H 1,6 H-shift rate coefficients must be similar to, or greater than,    in order to explain the observations. Consistent with 𝑘alkyl ― H ― shift
this, the calculated rate coefficient for the 1,6 H-shift is ~1010 s-1. The similar ratio of HPN and HN described in Table 1 suggests that the ROO-H 1,6 
H-shift is likely the only fate of the alkoxy radical.
Table 2. MC-TST calculated rate coefficients for selected H-shifts of alkyl hydrogens at 298.15 K for the reference RO2, with the abstracted hydrogen 
shown explicitly in bold.
Origin 2,3 RO2 ROO-H abstraction
RO2
OO
OOH
H OO
OOH
H
OO H OO
H
OH
H OO
Rate coefficient (s-1) 5.3  10-4× 1.8  10-7× 2.8  10-4× 5.4  10-6× 2.4  10-4×
Determination of the 1,5 α-OOH H-shift. For both the hydroperoxy and hydroxy-substituted RO2, we use MC-TST calculations to identify RO2 
isomers that do not undergo alkyl H-shifts over the range of  probed in the experiments (see Table 2). The total lifetime of these RO2 τbimolecular
isomers (labeled ‘reference’ in Schemes 2 and 3) is  (Eq. 1).τbimolecular
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The RO2 that react via α-OOH or α-OH H-shifts ( ), however, have shorter lifetimes  For these RO2, the yield of RONO2 relative to that 𝑘H ― shift .
of the RONO2 produced from the reference RO2 will decrease as  is extended. The changing  ratio of the RONO2 isomer yields as a τbimolecular
function of  is used to determine the rate coefficients of unimolecular chemistry. Enantiomeric RO2 pairs are assumed to react with τbimolecular
equal rate coefficients and are not distinguished here.
As shown in Figures 2 and 3, the ratio of both the 2,4 HPN isomers relative to the 2,3 HPN reference decreases at longer  as a τbimolecular
result of the α-OOH 1,5 H-shift (see Scheme 2). H-shifts arising from the 2,3 RO2 are calculated to be negligible under the conditions of these 
experiments, and so (see the first two columns in Table 2). We use the observed change in the ratio of the 2,4 HPN τ2,3 RO2 =  τbimolecular 
normalized to the 2,3 HPN as a function of  to infer the rate coefficient of the 1,5 α-OOH H-shift (Figure 3).  τbimolecular
The rate of unimolecular chemistry inferred from the behavior shown in Figure 3, , is less than the rate of the isomer-𝑘H ― shift ― effective
specific 1,5 α-OOH 4-hydroperoxy-2-methyl-2-peroxy (2-OO-4-OOH) H-shift, , because of the rapid interconversion 𝑘H ― shift ― 2 ― OO ― 4 ― OOH
between the 2,4 RO2 isomers (see Scheme 2). Due to this interconversion, the concentrations of both 2,4 RO2 isomers, relative to the 2,3 RO2 isomers, 
decline at the same rate (see Figure 2). Thus, the experimentally determined rate coefficient of unimolecular chemistry is proportional to the fraction 
of the 2,4 RO2 that is capable of the α-OOH H-shift:
 𝑘H ― shift ― effective = 𝑘H ― shift ― 2 ― OO ― 4 ― OOH( 2 - OO - 4 - OOH2 - OO - 4 - OOH +  2 - OOH - 4 - OO)
For example, as the two 2,4 RO2 are nearly equally abundant at equilibrium,  would be about half of  𝑘H ― shift ― effective
. In our experiments, the equivalence point, where the rate of unimolecular and bimolecular chemistry for the 2,4 𝑘H ― shift ― 2 ― OO ― 4 ― OOH
RO2 is the same, is ~0.02 s-1.  This is . This challenge of estimating isomer-specific H-shift rate coefficients in the context of 𝑘H ― shift ― effective
an interconnected pool of RO2 is similar to that described in Teng et al. for the 1,6 H-shifts in the hydroxy peroxy radicals formed following addition 
of OH and O2 to isoprene.84
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The kinetic model, shown in the curved lines in Figure 3, uses the calculated rate coefficient for the 1,5 α-OOH RO2 H-shift (Table 3) together 
with an estimate of the fraction of the 2,4 RO2 that exists as the 2-OO-4-OOH isomer (about 50% given the nearly equal abundance of HPN (and HN) 
isomers). The small difference between the HPN and HN ratios (Table 1) can be explained if the nitrate yield from the secondary RO2 is 25% greater 
than that of the tertiary RO2. Given the uncertainties in the nitrate yields, we assume the ratio of the 2-OO-4-OOH to the 2-OOH-4-OO is no smaller 
than 3:1 and no larger than 1:3. Thus, we assume  = 0.50 ± 0.25. As discussed below, the measured and 
2 - OO - 4 - OOH2 - OO - 4 - OOH + 2 - OOH - 4 - OO
calculated  are in good agreement. 𝑘H ― shift ― effective
ONO2
OOH
OOH
ONO2
OOH
ONO2
ONO2
OOH
Figure 2. Two chromatograms following 2-hydroperoxy-2-methylpentane oxidation at 318 K are displayed. The loss of the 2,4 HPN is apparent in 
the experiment at  ≈ 5 s (red) compared to the experiment at  ≈ 0.1 s (black). Measurement of the τbimolecular τbimolecular
ratio 2,4 HPN:2,3 HPN as a function of bimolecular lifetime is used to estimate the α-OOH H-shift. The black line chromatogram has been 
normalized to the intensity of the tallest peak, while that of the red line has been normalized to the 2,3 HPN reference.
Page 16 of 32
ACS Paragon Plus Environment
The Journal of Physical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
17
Figure 3. Experimental data used to constrain the 1,5 α-OOH H-shift at 296 K (black squares) and 318 K (red circles). The solid black (296 K) and 
dashed red (318 K) lines are simulations using the calculated 1,5 α-OOH H-shift rate together with the assumption that the concentration of the 2-
OO-4-OOH isomer is equal to that of the 2-OOH-4-OO isomer.  Both the model and experimental points have been normalized by the mean of the 
ratio obtained at the two shortest  . Due to the limitations of our method, it is not possible to lengthen  beyond 100 s; τbimolecular τbimolecular
thus, the sigmoidal tail at long lifetimes is poorly constrained.
The observed temperature dependence provides further confidence in our interpretation of the mechanism responsible for the reduced yields of 
the 2,4 HPN isomers at long . The equivalence point, where , τbimolecular 𝑘RO2 + NO[NO] + 𝑘RO2 + HO2[HO2] = 𝑘H - shift - effective
occurs when  is ~4 times shorter at 318 K than at 296 K, consistent with the large energetic barriers encountered by these H-shifts τbimolecular
(see SI).
Determination of the 1,5 α-OH . The 1,5 α-OH H-shift of the 4-hydroxy-2-methyl-2-peroxy isomer is observed using measurements 𝒌𝐇 ― 𝐬𝐡𝐢𝐟𝐭
of the HN (Scheme 3), and the rate coefficient is quantified in a manner similar to that used in the determination of the 1,5 α-OOH H-shift. In this 
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system, the 2-hydroxy-2-methyl-5-nitrooxy isomer is used as a reference. Our calculations (Table 2) demonstrate negligible H-shift channels for the 
RO2 formed via the ROO-H abstraction of 2-hydroperoxy-2-methylpentane (left column in Scheme 3). This RO2 reacts with NO and the resulting 
alkoxy undergoes a 1,5 H-shift to produce a hydroxy-substituted RO2, which also exhibits a negligible H-shift pathway (Table 2). Thus, the HN arising 
from reaction of this RO2 with NO serves as a suitable reference.
As shown in Figure 4, the ratio of the yield of the 4-hydroxy-2-methyl-2-nitrooxy isomer to that of the 2-hydroxy-2-methyl-5-nitrooxy reference 
exhibits a strong dependence on  and temperature. The process responsible for this dependence is assigned to a 1,5 H-shift proceeding τbimolecular
via abstraction of the α-OH hydrogen (Scheme 3). In Figure 4, the kinetic model employs the theoretically calculated α-OH H-shift rate coefficient. 
However, the curve shown in Figure 4 also depends on both the rapid hydrogen scrambling between the RO2 isomers as well as the α-OOH H-shift 
rate coefficient since the production of the 2,4 HN is tied to the 2,4 RO2 system (Scheme 3). Here, we use the experimentally constrained 1,5 α-OOH 
H-shift rate coefficient, and the error bounds in Table 3 account for the full range of uncertainty in this value.
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Figure 4.  Experimental data used to constrain the 1,5 α-OH H-shift at 296 K (black squares) and 318 K (red circles). Simulated curves using 
computational results for the α-OH H-shift are shown at 296 K (solid black) and 318 K (dashed red). The simulations use the experimentally constrained 
rate coefficient for the 1,5 α-OOH H-shift (Table 3), while the calculated rate coefficient is used for the 1,5 α-OH H-shift. Both the model and 
experimental points have been normalized by the mean of the ratio obtained at the two shortest  .τbimolecular
Products of the 1,5 H-shift chemistry. A significant CIMS signal is observed at m/z 217, corresponding to the cluster of a compound of nominal 
mass 132 amu and the CF3O- reagent ion, m/z 85. As in our previous study, this signal is attributed to the formation of the ketohydroperoxide,32 a 
product of the autoxidation mechanism following hydrogen abstraction at α-OH and α-OOH centers as shown in Schemes 2 and 3. There is only 
one ketohydroperoxide isomer produced by both of these H-shifts.
Comparison of experimental and computational results. The experimental rate coefficients shown in Table 3 are derived by fitting the kinetic 
model to the experimental data (see SI, Figures S4-S5). The experimental and calculated values agree to better than a factor of 3. Furthermore, 
reasonable agreement is achieved by comparison of our results with those of Mohamed et al.38 Although the study focused on temperature ranges 
relevant to combustion, the 1,5 α-OOH H-shift rate coefficient was calculated to be 0.07 s-1 at 296 K and 0.5 s-1 at 318 K, within a factor of 4 of our 
experimental and computational results (see Table 3). In combination with our previous results,32 the reasonable agreement suggests that the 
computational approach used here, and described in detail by Møller et al.,51 is a robust method for calculating the kinetic parameters of RO2 H-shifts 
for the diverse substrates needed to be considered in chemical models.
Table 3. α-OOH and α-OH H-shift rate coefficients (s-1) derived by theory and experiment
Reactant
Temperature Method OO
OOH
H OO
OH
H OO H
OH
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1,5 α-OOH H-shift 1,5 α-OH H-shift 1,5 α-OH H-shift a
Theory b 0.045 0.28 0.12
296 K
Expt. c 0.036 +0.077/-0.027 0.22 +0.14/-0.040 0.048 +0.036/-0.024
Theory b 0.25 1.4 0.61
318 K
Expt. c 0.13 +0.23/-0.10 0.56 +0.44/-0.14 0.31 +0.18/-0.061
a Reported in Praske et al.32 Rate coefficients correspond to the average of the S,R and S,S diastereomers.
b For the temperature dependent rate expressions, refer to the SI. Uncertainty in the calculated rates is estimated to be less than a factor of 10.32
c Uncertainty is estimated as described in the SI. Additionally, the 1,5 α-OOH H-shift is sensitive to our estimate of . We include the 𝐾𝑒𝑞
uncertainty in this parameter in the reported error bounds.
Role of structure. At 296 K, the experimentally determined rate coefficient of the α-OH 1,5 H-shift is ~5 times greater than that of the α-OH 1,5 
H-shift in a peroxy radical produced in the oxidation of 2-hexanol (see Table 3).32 The difference in these rate coefficients for nominally similar H-
shifts clearly demonstrates that structure plays a key role in the kinetics.
The effect of structure has previously been investigated computationally in unimolecular reactions involved in fuel combustion at elevated 
temperatures. Miyoshi, for example, determined that increasing the methyl substitution of the RO2 center increases the reaction barrier in 1,7 H-
shifts.37 This effect was attributed to an increase in the ring strain energy of the transition state, likely caused by the spatial configuration of the 
methyl substituents. Similarly, Davis and Francisco computationally investigated H-shifts in n-alkyl and branched methyl alkyl radicals,89-90 and found 
that the spatial configuration of the methyl substituent influenced the energy of the transition state. This effect was correlated to a shift of the methyl 
group from a gauche to anti configuration, which produced lower barrier heights. Otkjær et al. computationally studied a systematic set of peroxy 
radicals with a range of different substituents.33 They calculated that the presence of an α-OH or α-OOH group can increase the rate coefficient of 
an H-shift by factors up to 1000, in agreement with the experimental results of our current and previous work.32 Finally, hydrogen bond-like interactions 
in the reactant and transition state influence the barrier height, as previously demonstrated.32, 86
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Atmospheric Implications
In this study, we demonstrate the migration of hydroperoxy hydrogens in alkoxy and peroxy radicals. The rate coefficients are sufficiently large 
that this chemistry may outrun bimolecular reaction in the atmosphere for similar radicals. Additionally, these processes are competitive even under 
typical “high NO” conditions employed in chamber studies, suggesting a possible role for these reactions in explaining the shortcomings of previous 
mechanistic interpretations. Perhaps of equal importance is the ability of alkoxy radicals to abstract hydroperoxy hydrogens fast enough to compete 
against fast unimolecular processes including β-scission and alkyl isomerization.
 The rapid scrambling of the radical center enables subsequent autoxidation pathways that are otherwise inaccessible. For example, the α-OH 
and α-OOH H-shifts quantified in this work are not accessible without this chemistry due to the presence of the α-methyl substituent in the 
precursor. This suggests that reaction mechanisms must account for the migration of hydroperoxy hydrogens in order to capture the atmospheric 
fate of these species. Due to ongoing NOx emission reductions,91 such organic hydroperoxides formed through both HO2 chemistry and autoxidation 
will comprise an increasingly large share of reactive atmospheric trace gases. 
This study emphasizes the need to understand the fate of these autoxidation products. In alkane oxidation, we have shown that ketohydroperoxides 
are significant products. In order to better assess their role in the urban atmosphere as it relates to air quality, a study that quantitatively examines 
the fate of ketohydroperoxides (e.g. photolysis, deposition, oxidation, or aerosol transfer) is needed.
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